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DETERMINATION OE CONTROL- SURFACE CHARACTERISTICS 
EROM NACA PLAIN-FLAP AND TAB DATA 
By Milton B. Ames, Jr.,- and Riahard I, Sears 

SUMMARY 

,. - ■ The data from previous NACA- pres sur e-dis tribut ion 
investigations of . plain flaps and tabs have been analyzed 
and are presented in this paper in a form readily appl i- • ~ ~- 
cable to the. problems of control-surface design. The_ ex- 
perimentally, determined variation of aerodynamic parameters 
with flap chord and tab- chord are given in 'Chart form and 
J comparisons are,made with the theory -With the aid of 

. these charts- and the theoretical relationships for a "thin 
? f airfoil, the aerodynamic characteristics for control sur- > ^ 

<*' - yk$ ^ faces of any..03jLan .form with plain flaps and t'abs may be _ • » , 
determined". A discussion of the. basic equations of the 
thin-airfoil theory and the development of a number of ad- 
ditional equations that will -be helpful in tail design are 
presented in the . appendixes' . -The procedure for applying 
the, data is described and a sample problem of tail design 
included. 



f The data presented and the method of application set 

I forth in this report should provide a reasonably aocurate i 
\and satisfactory means of computing the aerodynamic char- 
acteristics of control surfaces. 



INTRODUCTION 



The need for an improvement in the method of predict- 
ing the aerodynamic characteristics of airfoils with mul- 
tiple hinged flaps, such as horizontal and vertical tail 
surfaces, has long been realized. A number of valuable 
contributions of both an experimental and a theoretical 
nature have been made, but the ultimate objective has not 
yet been attained. With the intention of more closely 
approaching a satisfactory solution of the problem, the 
National Advisory Committee for' Aeronautics has undertaken 
a control-surface investigation, 
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The theoretical expressions for the lift and the 
pi tching-moment coefficients of an airfoil and the hinge- 
moment coefficients of any number of flaps about any 
hinge position on the airfoil have been derived in ref- 
erences 1, 2, and 3. 

Experiments have, however, failed to check the 
theory, especially in the cases of hinge-moment coeffi- 
cients of small-chord flaps. It is for this reason that 
the design of tail surfaces has depended largely on ex- 
periments. 

Several experimental investigations of tail surfaces 
have been conducted by the NACA and— some recent data are 
presented in references 4, 5, and 6. In order to supply 
systematic experimental data for the aerodynamic and the 
structural design of control surfaces, a pr essure-diBtri- 
bution investigation .of the section characteristics of an 
NACA 0009 airfoil with various sizes of plain flaps and ' 
tabs was conducted. The results are reported in refer- 
ences 7, 8, and 9. 

In order to make the data of references 7, 8, and 9 
more readily applicable for design purposes, curves have 
been prepared to give experimental parameters for a wide 
range of flap and tab chords. The parameters given in 
this paper may be used with the expressions presented in 
references 1, 2, and 3 to determine the aerodynamic char- 
acteristics of tail surfaces with plain flaps and tabs. 



SYMBOLS 



The coefficients and the symbols used in the theo- 
retical discussion are defined as follows: 
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■ ■■■ *f 
c h f = a 

q.c f . 



qa f b f . 
h-t 



* q.c t B b t 

where c n airfoil section normal-force coefficient 

Cw airfoil normal-force coefficient 

c m airfoil section pitching-moment coefficient 
about quarter- chord point of 'airfoil 



G m airfoil pitching-moment coefficient about 
quarter-chord point of airfoil 

Cbf flap section hinge-moment coefficient 

flap hinge-moment coefficient 

c n '. t ah 'section hinge-moment' coefficient 
t 

Cji^ tab hinge-moment coefficient 

n section normal force of airfoil 

N normal force of airfoil 

m section pitching moment of airfoil about 
quarter-chord point 

M pitching moment of airfoil about quarter- 
chord point 

h^ flap section hinge moment 

Hf flap hinge moment 
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h^. tab section hinge moment 
Hj. tat hinge moment 
q dynamic pressure 

c mean geometric chord of basic airfoil with 
flap and tab neutral 

c" root mean square airfoil chord 

c^ mean geometric flap chord 

root mean square flap chord 

Cj. mean geometric tab chord 

c^ root mean square tab chord 

S airfoil area 

b airfoil span 

b^ flap span ■ / 

b^. tab span 

a angle of attack 

tx 0 angle of attack from zero lift for airfoil 
of infinite aspect 'ratio with flap and 
tab neutral 

a a angle of attack from zero lift for finite air 
foil with flap and tab neutral 

S f flap deflection with respect to airfoil 

6^ tab def le ctlon' with respect to flap 

A aspect ratio 

DISCUSSION 
Equations 

The theory of thin airfoils is developed in refer- 
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ence 1 and is extended to include ?a ..hinged plain flap in 
reference 2. 'The derivations ^..completed, in reference 3, 
give the theoretical relationships for a finite airfoil 
with a multiple hinged plains f lap .system. The - general 
theory, in agreement with experiment, indicates a linear 
variation of angle of attack, flap deflection, pitching- 
moment coefficient and hinge-moment coefficient with lift 
coefficient. In order to simplify the analysis, several 
assumptions were made ■ in developing the theory, two of 
'the more important Being that, the airfoil may "be replaced 
"by a mean camber line and that the fluid flow leaves the 
trailing edge of the airfoil smoothly. The aerodynamic 
characteristics of an airfoil with a plain flap are ex- 
pressed in terms of theoretically determined parameters 
(see figs. 1 and 2), which are used in the equations for 
the airfoil and the flap coefficients. These parameters 
are identified ' and transformed into the partial differen- 
tials of standard NACA coefficients in appendix A. Be- 
cause a conventional control surface is essentially an 
airfoil with a series of plain flaps, these airfoil equa- 
tions may be applied to determine the characteristics of 
control surfaces. The equations in standard NACA form 




The subscripts indicate the factor's that are held constant 
when the partial derivatives are taken. 

The relationships in equations (l) , (2), and (3) 
readily lend themselves to the prediction of control- 
surface characteristics, such as tab and flap setting for 
trim, tab operation as a balance, and the parameters for 
free-control stability. From the basic relations, some 
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of the equations for determining the control characteris- 
tics are developed in appendix B. If Cjj is the normal- 
force coefficient of the tail required for equilibrium, 
the tab 'deflection to trim with zero control force is: 



6. 



(0 hf =0) 





~ 1 ■■ < 




^ 6 f »^t 




° N <V 0) 


V 3*4 f ,6 t ^5f y c n .8 t - 




c n» fi t - 


c n ,£) t 



•(—)•' ( oe . 



(22-) 
V36 f ) 



'n.H 



V36 f 'o».« t 



and the corresponding flap deflection is 
6. 



f (<V=o) 



^96-'- ' 



f c n « S t 



' N (C hf = 0) 



5 f » 8 t 



- a a + 



(6) 



If the control surface is equipped' with a balancing 
tab, where §t = K8 f + 5 t 0 « and 6 t 0 is th8 initial tab 
deflection for trim and K' 'is the- rate of change of the 
tab deflection with the flap clef lection, -then at any angle 
of attack the flap deflection for zero hinge-moment coeffi' 
c.ient. (free-floating .angle) is 
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The experimental values of the parameters iri the fore- 
going equations are presented in the following section. 
Although some of the equations may appear cumbersome, it 
is believed that the form used is most easily applicable 
to the practical design of a control surface. Prom theo- 
retical considerations, however, these relationships may 
be much more easily understood if the various factors are 
combined into other parameters as shown in appendix B. 

Experimental Data 

Aerodynamic parameters . - r-Exper imental cur ves_ ( figs . 1 
and 2) have been prepared for use in determining the aero- 
dynamic characteristics of any control surface with a 
plain-flap aileron, elevator, or rudder with sealed gaps. 
These curves, tro be used in conjunction with the equations 
in the pcreceding section, are plots giving the variation 
of aerodynamic parameters with the ratio of flap chord to 
airfoil chord. The parameters, obtained for the SACA 0009 
airfoil from an analysis of the section data presented in 
references ?, 8, and 9, are chosen to be independent of 
aspect ratio* The theoretical curves developed by G-lauert 
and Perring (references 2 and 3) for the thin airfoil are 
reproduced in figures 1 and 2 for comparison. 

Irom an analysis of the data in references ?, 8, and 
9, it was possible to define all of the experimental curves 
of figures 1 and 2 except in figure 2(c) by points at c^/c 
of 0, 0.03, 0.05, 0.06, 0.08, 0.09, 0.10, 0.15, 0.16, 0.24, 
0.30, 0.50,-. 0.80, and 1.00. The experimental curves of 
figure 2(c) ; are defined by points at values of c^ / c of 
0.30, 0.50,.' 0.80, and 1.00 for the tab sizes of O.lOCf 
and 0.30c f and at 0.30cf/c, 0.50c f /c, and 0.-80cf/c for 
the 0.20c f 'tab size. The curve for the 0.20c f tab was, 
however, extrapolated for values o'f - Cf/o from 0.80 to 
1.00. For all the parameters of these two figures it was 
possible to' fair the curves with practically no dispersion 
of points. ; 

In figures 1 and 2 the experimental curves have the 
same general shape as the theoretical curves derived in 
references 1, 2, and 3, although in most cases their mag* 
nitudes are somewhat less. The poorest agreement "was 

/ dc h+\ --. / 8c h f \ 

found in the curves of ( — J and ( — ) 

V38 f / c a .6 t ^ SS t /c n. 6 f 
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in figures 2(a) and 2(c) , where the theoretical slopes 
for small-chord flaps were much higher negatively than 
those given by experiment. This discrepancy has been ob- 
served in other comparisons "between theory and experiment. 
Because the theoretical parameters were determined on the 
assumption of a continuous flow of a perfect, nonviscous 
fluid, an assumption that is not valid under actual condi- 
tions, the disagreement might he expected. She d~is~crep- 
ancy between theory and experiment is important because it 
occurs within the c^/c range in which most control- 
surface flaps and tabs lie. The portion of the hinge-- 
moment coefficient attributed to the effective camber 

/9°h f \ ■ ■ -- 

( — ) 8 # (fig. 2(a)) is generally many times 

^36f4 n ,8 t 

greater than the portion caused by the circulation 

V J Off (fig- 2(b)). 

3c n 5 f ,8 t 

A comparison between figures 2(a) and 2(c) indicates 
that, for tab sizes greater than 0.10c f , the flap hinge- 
moment coefficient obtained by deflecting the tab a given 
amount is greater than that obtained by deflecting the 
flap the same amount. This result agrees with other test 
data (reference 10) and indicates that a full-span balancing 
t8D, with a chord greater than 0.10c* and a 1:1 ratio of 
tab deflection to flap deflection , ^will produce overbal- 
ance. 

Prom the test results of an SACA 0009 airfoil report- 
ed in .references 7, 8, and 9, it was also experimentally 

determined that » 0.095 and ^ 



•0.0105. 



Allowable flap and tab deflections.- Because "the 
relationships in equations (l) , (2) , (3) , and (4) are true 
only for the condition of a linear variation of the "aero- 
dynamic coefficients, it is necessary to determine for 
various angles of attack the maximum deflection of a flap 
for the linear variation of the lift. In order to obtain 
the minimum control force for a given maximum lift with a 
plain flap, it is generally better to operate the flap 
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within this linear range than .fr"o use a smaller chord flap 
that mus.-t operate, at flap deflections' beyond the linear 
range to give the- ..required lift. ■ 

The approximate maximum allowable flap deflection for 
linear limits of airfoil characteristics at several angles 
of attack; are plotted- against the ratio of flap chord to 
airfoil chord in figure 3.-. These limits of maximum flap 
deflection, obtained .by experiment fromthe data of refer- 
ences 7, .8, and 9 for infinite aspect ratio at an effective 
Eeynolds. numb,er .of. 3,410,000, are the approximate angles 
at which the variation of c n with 6^ ceases to be lin- 
ear. In most' oases, however, the limits do not indicate 
the flap stall because the stall was observed to occur 
generally at - a flap deflection from 2° to 5° greater. In 
some cases, when the tab was deflected in the' direction 
opposite to the flap, the change from the linear variation 
and also the st'all were delayed. The broken portions of 
the curves of figure 3 indicate that, because of the irreg- 
ular flow over the small-chord flaps, some uncertainty 
exists as to the limits of the linear variation of the 
characteristic slopes in this region. 

'The flap-deflection limits for any given control sur- 
face of finite s.^pan are dependent upon the aspect ratio, 
the plan form, the .twist ,' and the scale effect. Generally, 
an increase in scale Would tend to increase the maximum 
allowable angle of attack and the 'flap deflection, Vari- 
ous' free-flight tests have shown, however, that .for criti- 
cal conditions the stall's, and hence the limits of the 
linear variation of the aerodynamic characteristics, may 
not necessarily occur in flight in the same order that 
the tunnel tests have indicated. Because the limitB pre- 
sented in figure. 3 are generally 'several degreeB below 
the stall obtained by the 'experiments of references 7, 8, 
and 9 and because most control surfaces will be at a 
larger '.scale than the scale of these experiments, it is 
reasonable to assume that the limits are conservative. 

If the scale effect is neglected, the limits may be 
determined by compu't ing the. .local angle's of attack at the 
critical section for. various flap deflection's by the meth- 
od of reference 11». These angles of attack can then be 
plotted against the flap deflection to find the intersec- 
tion with the. allowable-limi'.t curve for. infinite aspect 
ratio. Tot all practical purposes the -limits for the 
flap deflection, and the angle of attack, when the lift is 
small, may .be' assumed, to be -the same for any aspect ratio. 
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This assumption is Justifiable because the magnitude of 
the correction lies' within the 'limits of the^ experimental 
accuracy in determining the curves for infinite aspect 
ratio. 

Experiments (references ? to 10) indicate that tab 
effectiveness decreases with an increase in the flap de- 
flection. There is reason to believe, however, that on 
conventional finite control surfaces a satisfactory maxi- 
mum for tab deflection exists between the angles of ±JL5° 
and ±20° for moderate flap deflections. This result 
would indicate that, for a constant tab chord, it is bet- 
ter to use a large-span tab deflected to a small angle 
than a short-span tab .deflected to a large angle. 

Effect of Aspect Ratio •. . 

The slope of the normal-force curve 3C]j/da if. equa- 
tion (l) for a finite' airfoil is dependent on "aspecT ratio 
A and may be corrected in the following manner: 

✓ BONN = p Uai f ,H 

^^f .H 57 3r (***\ 

\ 3a. /6 f ,8 + 



1 + 



ttA 



where 3c n /3a, is the slope of the normal-force curve, per 
degree, for infinite, aspect ratio. The term p is a cor- 
rection factor "for small aspect ratios, and values obtained 
f rom,.unpublished : data are used in figure 4. Eor horizontal 
surfaces with end plates, such as twin vertical surfaces, 
the value of p ' is 1» The factor r, a correction for 
end-plate effect due to twin vertical surfaces; was ob- 
tained from reference 4, and its values are reproduced in 
figure 4. For horizontal surfaces with single vertical 
surfaces, the value of r is 1. Because the parameters 

f _§Si,\ an(i / -^SL^ in equation (l) involve no 

1 c n* 5 t 

change in circulation, they are unaffected by aspect ratio. 

In equation (3), if the pitching-moment coefficient 
is taken about the : aerodynamic center of the airfoil and 
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designated C„ „ , the parameter (< — ^ . ' . P - i .. ) is 



equal to zero "because 

■BC t 



where by definition • I — — > ' - ) . - is equal to zero. 

. V 3a , . /s f , 6 t . 

The same statement is substantially true when the pitching- 
moment coefficients are determined about the quarter-chord 
point of the airfoil "because the values of the parameter 
are so small that, in most oases, they may "be negleoted. 
The other parameters in "both .this -equation and_ in equation 
(3) are unaffected "by the- aspect ratio because they were 
determined for a condition of constant circulation (0- 
held constant). Thus, it should be evident that the vari- 
ation of equations (2) and (3) with the aspect ratio de- 
pends only upon the corrected' value of C N for the finite 
airfoil as determined in equation (l). 

All the parameters in equation (4) are affected by the 

'/ 3C h \ 

aspect ratio. The slope ( ^ * ) may be corrected 

in the same, manner as -- -, out the slopes c 

of { ~- kf \ and f , ■ vary in a more complex 

' 35 f V R*' V9« t / e 

manner.- It- can be shown' that 

/ rlnr. X /O 



f c »' 5 .t 

'Prom this relation it may be noted that \h'e parameters 

.and- ,^ ^ ■ ■ 1 • .. will-:n.ot .be affected by 
f c a » 8 t f c ff» 5 t 
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changes in .aspect ratio because .the parameters were deter- 
mined for a condition of constant circulation. The value 

3a 



/° u h f \ 

of ( — j must, however, he corrected for aspect 

8f » °t 



ratio as previously mentioned. Hence, the. value of the 
parameter f ^M .-. may he corrected for aspect ratio 

hy correcting only the portion of the expression contain- 
ing the parameter ( — ^1 . In a similar manner, 

the parameter ( ^ hf S ) -must also "be corrected for"* as- 

Va 6^ /oc,8 f 

pect ratio . " " 

The results of model tests and flight tests are gener- 
ally pres.ented in a form from which the parameters in equa- 
tion (4) may he obtained, Because the parameters in equa- 
tion (4) are affected by changes in aspect ratio, the ex- 
perimental parameters for hinge-moment coefficients present- 
ed in this report are given in the form suitable for use 
in e.quat.ion .(3), so that they may be used for any aspect 
ratio. ' ■.-■*.■■ 

Effect of Plan Form 

Because all the parameters of figures 1 and 2 are in- 
dependent of normal induced velocity, they are independent 
of plan form and twist as well as of aspect ratio. In 
general, in order to compute the characteristics of any 
finite control surface, it is necessary to compute the 
spanwise lift distribution for each flight condition as 
indicated" in reference 11. For the special case of a con- 
trol surface having an elliptical span-load curve, the 
aerodynamic parameters can be computed in the manner to be 
indicated. Such a surface will be one of" elliptical chord 
distribution and of constant ratio' of " f lap* to airf 0 il chord. 
If for practical purposes ' the ' assumption is made that, for 
any control surface, elliptical lift distribution is approx- 
imated, the aerodynamic characteristics may be readily es- 
timated by using the experimental data in figures 1, 2, 3, 
and 4 in the following manner: ' ' 
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(1) Determine the ratios of c f /c and c t /c at as 

many stations as may be necessary to define 
the surfaces. 

(2) Obtain the values for the slopes at each station- 

from figures 1 and 2 and plot them against the 
span. In order to sum up properly the param- 



/ 9 >f \ 
V 384-. A 



8c n '8 f ,8 t N u °f 'c n ,S t 



, it is essential that they be 

Cn» 5 f 

based upon a common chord. Therefore, multi- 
ply the slopes obtained from figure 2 by the 
square of the ratio of the flap chord at the 
station in question to the root-mean-square 

flap chord (c^/c^) and plot the product. 

(3) Integrate the curves and divide by the total air- 

foil span, thus obtaining the effective param- 
eter for the entire control surface. 

(4) For partial-span tabs it is necessary to intro- 

duce an additional factor to allow for the 
effect of the normal velocities induced over 
the rest of the wing by the tab. Because the 
value of this factor has not yet been satis- 
factorily determined for a general case, it 
* . must be neglected at present.. 

APPLICATION OP DATA ' TO HORIZONTAL TAILS. 

Inasmuch as the determination of the proper horizon- 
tal and vertical .tail areas, where s-tability is the main 
consideration, is beyond the scope of this report, only 
the general problems involved in obtaining adequat-e con- 
trol will be considered.. The equations and the charts 
already presented readily lend themselves to the solution 
of the problems.. . 

The elevator size is usually determined by the re- 
quirements of landing the airplane because getting the 
tail down in the presence of the ground is generally the 
most critical condition. This discussion and the sample 
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problem of tail design included will therefore be devoted 
mainly to the determination of the elevator required for 
landing and to the characteristics of the tail. 

Before calculations can be made* however, certain 
characteristics of the airplane must be known: namely, 
the pitching-moment coefficient, the angle of downwash, 
and the dynamic pressure in the region of the tail. These 
quantities should preferably come from wind-tunnel tests 
of the model in question because nacelle fairings and in- 
terference effects are critical. The effects of the slip- 
stream or of a windmilling propeller should not be ne- 
glected.' If wind-tunnel tests are lacking, the character- 
istics may be roughly computed from other test data, Buch 
as those given in reference 12. 

Because 7 the- presence of the ground affects the down- 
wash and the dynamic pressure over the. : tail . in a manner 
that has not • yet -beeu satisfactorily determined, horizontal- 
tail designs must be based on assumptions rather than be ' 
put on a rational basis. Until further investigation sets 
forth .either a method of calculating the ground effect or 
a tunnel technique for measuring it, the assumption can be 
made that,- during a landing, the angle of downwash at the 
tail is approximately zero. 



In order to illustrate the method of application of 
the data, ■ an example ' is presented for an airplane having 
the dimensions . given in the following table..- 
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\ Aiie primea values rei-ar to Horizontal- tail 


characteris tics) 


. -{ — — — — . 1 . ',■ «■ . 

U6I1I11U0II 


Dimens ion 


Tail' length-*f.rom moat- forward center-'of- ■ •' 
gravity location- of airplane .to quart'er- 
cnora. po-ini; ox norizontai tan suriaoS" 11 —. 
• • '• ' ■ ■ ■■■ '■ * - . • 

Mean a'erodynamiG 'chord- of wing—--' — 


1 = 2U . U It 


C w = 6.8 ft 




o = 236 Sq, ft 


Tail area ------- , - 

■ *■ • • - * ■ ". ' 


ST = 48 -aq ft 




b 1 = 12. 8 ft 




c~' = 3.75 ft 


p i ' » " * . . ' . * 


A' = 3.4 


Height of garter- chord point of korl.zoi.-w 
tai tan aDove tne._gr ounov (, landing^ —————— 


dg 1 = 3.75 ft 


Height of. horizontal .tail above center of . 
gravity 01 airplane measured normal to 


d' = 2 ft 


Angle of attack of airplane (landing) 


a = 14.2° 


* ■ « • 


i ' = 2.0° 


ABsumeu ratio or tao cnord to Horizontal — 


c t '/c ' = 0.06 




8*. 1 = 15° 
* max 




8 = 1.75 ft 


MflTT^mTlTn dpf 1 Af>f 1 rttl n n n f ^ nl n f 4 « V i.r V> o n 
* * a a j. in ujii acj. j.qu ti \Jx u 0 11 u I O X o u X c it WuSIL- 


6 8 = ±30° 


Pitchlng-moment coefficient about center 
of gravity of model without tail (a. = 


Cm = -0.135 
e.g. 


Angle of downwash at tail (assumed to have 
been determined from wind-tunnel tests) — 


€ = 2.2° 


Ratio of average dynamic pressure over tail 
to dynamic pressure of free air stream 
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•••Elevator Chord 

The process of calculating the elevator chord re- 
quired to land the airplane is as follows: 

(l) Compute the effective aspect ratio A 6 1 of the 
tail surface in the presence of the ground. 
Prom reference 13, when applied to a horizon- 
tal tail surface, 



A' 
1-0" 



A e « = £ (13) 



where "between the limits 

1 l 
— < &— < - 

15 b'/2 2 
1 - 0. 66 ( dg ^ 

a v *v 2 ; 

1.05 + 3.7 ( — ^S— ^ 

Jor the example , 

d _ ' 3.75 

= = 0.586 



b'/2 6.4 

Therefore 

1 - 0.66(0.586) 
0- = = 0.191 

1.05 + 3.7(0.586) 

and 

3.4 

A i = = 4.2 

1 - 0.191 



(13) 



(2) Compute the slope of the lift curve of the hori- 
zontal tail "by equation (ll) as already out- 
lined. From figure 4, p = 0.933 and r = 1 
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and, from reference 8, for an NACA 0009 air- 
foil, 3c n /3a is 0.095. 

Therefore' 

0.933 (0.095) 



6f .«t 1 + 57 (°- 09 ' 5 > 
ti' 4.2 



= 0.063 



(3) Determine the angle of attack of the 

horizontal tail surface.: 

a a » = a + i ' - ■€ 

= 14.2° + 3.0° - 2.2° 
?■ . = 14.0° 

(4) Approximate' the' pitching-moment coefficient of 

the tail C m 1 by assuming a ratio of Cf'/ 0 ' 

and substitut ing in equation (2), using the 

maximum values of 5^ and 6^. Obtain the 

value of 8x.' from figure 3. 

x max 

If, for this example, 'Cf^c* is estimated to be 
0.?5, then from the experimental curve in figure 
1(a),- ..... 

(St) = - 0 - 0090 

From figure 3, if it is assumed that a a 1 = a 0 ' 

at o,_ 1 = 14°, then 8*.' = -25.6°. 
0 r max 

From equation (2), it is estimated that C N 1 = 
-0,2 and assumed that for a tab with dimensions 
of 0,3 t 1 by 0.06 c ' , 



= 0.3 (-0.0050) 



4 (as.*) 



= -0,0015 
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. Therefore 

C m » = (-0.0105$ (-0.2)+(-0. 0090) (-25 . 6) + (-0 . 0015) (15) 

= • 0.21 

(5) t Estimate the chord-force coefficient of the tail 

G- 0 '■ from the curves in reference 4. The 
ommission of this term will, however, have no 
great effect on the results. 

Prom figure 5, reference 4, 

C c ' = 0.25 (approx.) 

(6) Calculate the normal-force coefficient of the 

tail required to maintain equilibrium "by the 
equation 

V " T (fr jr °m 0 . g . °» + <V =' + o c . a >) (14) 

" ioto [( 0^«X^r) ( -°- 135) t^.VS) ♦ 3(0.25)] 

= -0.17 

(7) from equation" ( l) , compute the product 

* 

(it)' V - - -"-r^ '■* •<*»' ~(^ »t' (is) 

6 f» 6 t 



For the example cited, • C ) j. s approxi- 

t C n »6 f 

mated to he 

(0.3)(-0.20) = -0.06 

Thus .with 6* 1 = 15°, 
c max 



(H) V =-b3it +14 -°- -<-0.06)(l6) 

c n' 6 t 



= 17.6° 



so 
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If accurate dovnwash measurements are lacking but 
adequate wind-tunnel data are available, it would be a 
better procedure to* modify steps (4) to (7; in the fol- 
lowing manner. Obtain by experiment the pi tching-moment 
coefficient of— the model,, including the tail undivided 
into stabilizer and elevator. Then calculate the incre- 
ments of chord-force and pltching-moment coefficients of 
the tail about its quarter-chord point to obtain the in- 
crement of normal-force coefficient necessary to balance 
the airplane. The subscript f with Ow'- 0 m * , and C c ' 
refers to the change caused by the flap (elevator) deflec- 
tion. '• ' 



V -K^r* 0 -,. . 0 » + '°»'f c ' * 0 ° f ' d ') 



The product ( -f^L^ 8-' is obtained: 



c_ ,8 



t 




/ 3a 



X — ). (16) 



*' <V 6 t 

From this point on, the procedure is the same as be- 
fore. This method has the advantage that, although it is 
still necessary to calculate the angle of attack of the 
tail (and hence the downwash) to determine the maximum 
flap deflection, the downwash computation does not enter 

into the calculations for the product 




and hence possible inaccuracies are minimized. 

(8) Assign convenient values of 5^' . and compute 
from the product of equation (15) values of 

3a 



(as- ) 



Obtain from figure 1(b) the 
f/c n- 8 t " 

values of c^'/c' corresponding to the compute! 

values of ^-i|L^ and plot them against 

dS f c n .6 t 

the assigned 8^. ' values. 
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lor the example cited, table I lists the computed 



values of [ — — ) and the values of 

V36 f /„ - 
f c n» 6 t 

c^'/c 1 that correspond to the assigned values 
of 6 f ' when 8 t 1 = 15°. 



TABLE I 



V 

(deg) 


1 c n ,S t 


c f i/o» 


-18.4 


-0.9 60 


0.800 


-20.0 


-.880 


.647 


-25.0 


-.705 


.430 


-30.0 


-.587 


.315 


-35.0 


-.503 


.241 


-40.0 


-.441 


.192 



The values given in table I are plotted in 
figure 5. This curve represents the deflec- 
tion of each flap size required to produce 
the required normal-force coefficient Cjj 1 
at the given angle of attack. This procedure 
was repeated at 5^ = 0°. The results are 
likewise plotted in figure 5. 



(9) Plot the curve of maximum allowable 



against 



values of c^ l /o\ as obtained from figure 3 
for the required angle of attack of the tail 
surface. This curve is also plotted in figure 
5. The intersection of these curves will in- 
dicate the minimum effective flap-chord ratio 
Cf'/c 1 and the flap deflection necessary to 
to obtain the required Cjj 1 of the tail at 
the angle of attack for landing. The mean 
3a 



value of 



( 98* ) 



for the entire tail 



,6. 



surface should be that corresponding to this 
flap-chord, ratio Cf'/c 1 . 



From a consideration of the maximum free-control 
stability and the lowest control forces, it 
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- is - apparent that this flap (elevator) of the 
minimum allowable size should "be the optimum 

.size. Hence, for the example cited, the 
curves of figure- 5 intersect at 5f 1 = -26° 
(approx.), Cp v /c' = 0.40* This result cor- 

responds to an effective ( — t — ) * *~0 . G? 

* ' ' V3S f'cn>8t 

(fig. Kb)). 

The plan form and the total area_ having already 
been i'Ven'tatfvely "determined, the object now 
is to divide the tail .surface' into stabilizer 
and elevator in such maimer as- to give a mean 

value of ' c-orire's ponding to the 

effective flap-chord ratio- just" computed; . 
This division must of necessity" be done by a 
method of successive approximations in locat- 
ing the hinge axis or' in making alterations 
to the plan f orm. ' The procedure for determin- 
ing the effective value of any of the param- 
. .v.eters has already been indicated. The proper 
.-location-, of . the .hinge axis having been esti- 

■ ...mated, the- effective parameter ( -l^- > ) 

"bf" the - assumed arrangement can be found. 

When the hinge lino is properly estimated, the 

{ -.*... * { . • . ■ :. i - '■> - ■ * 

'* ' : -eff ecti've' ( 35lS\ ■ thus bb'tained should 

be - the same as ' the -value previously calculated 
•'■■■•"If it is smaller, tne flap : s ize ' will not satis 
' f y the design requirements; if it is larger, 

the 'stick force may" be "'greater , as can be seen 
..from. .the ,s tick-force curve for a rectangular 
tail in figure 6. Likewise, the free-control 
stability will be -decreased. 

Por the example citfed, with the plan form of the 
tail assumed.- to ?be --that indicated in figure 7, 
the hinge line has been located on the second 
approximation. A constant flap chord up to 
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the tip section has "been chosen because it 
can tie shown that, in general, such a flap 
■ will have lower stick forces than one having 
a highly tapered plan form*. The distribution 
of the airfoil chord along the span is ellip- 
tical for the tail under consideration. 

The hinge axis having "been located, the effec- 
tive parameters for the hinge-moment and the 
pitching-moment coefficients may be deter- 
mined in the manner already outlined. For 
the problem under consideration, this process 
has been. carried out in detail and the fol- 
lowing values for the parameters have been 
obtained: 



^ 36 f J it 
1 c n» s t 



= -0.0076 



( = -0.093 

/ dchf -v .... 

r"~g^ J = -0.0032 (approx. , by interpolation) 

t c n ,6 f 

C Bo" } = ~ 0 * 06 (approx.) 



n ' 



. St.ick Force 

(l) To compute the stick force, the hinge-moment par- 
. ameters C^\, 8 f ', and 8 t < being known, 

solve for C h. f ' ^ using equation- (3). 
For the example cited: - 

■ - "L. ■ V = -0.17; ■', 

"8 f « ■•= -26° " 
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Theref ore ' " " 

0 hf « = (-0.093) (-0.1?) + (-0.0076) (-26) + (-0.0032) (15) 

=0.165 
(2) The stick force is 

C h ' (o, ')» b» q f S f ' 

T -- k) ■ ' (17) 

Pot the -example cited, "c f 1 = 1.48 feet 

When the airplane is landed at 70 miles per hour, 
the dynamic pressure at the tail is 



q» = q 



11 
1 



and E 



°"° 03378 (70 X 1.47) 3 (0.96) 



s 12.1 pounds per square foot 

- (Q-^-65) (l.48) a (12.8) (12.1) (-26) 
3 (i:75) (30) 

= -27.7 pounds 

In order. to visualize more clearly the effect of flap 
chord on the stick force, calculations were made for a 
rectangular tail having flaps of various ratios of c f . , / c ' 
for the conditions of tah neutral and deflected 15°. The 
results are plotted in figure 6. In each case the Cjj ! 
required was -0.17 and the maximum allowable flap deflec- 
tion for the particular c^ l /c t value was used. It. 

should also he pointed out that the stick length and the 
maximum- stick deflection were held cons tant , which result- 
ed in an increased mechanical advantage Sf'/o's for 

large-chord flaps. The curves indicate rthat a given size 
tab is much more effective in reducing stick forces of 
large-chord flaps than small-chord flaps. This result is 
an expected one because figure 2(c) indicates the sane 
result when hinge moments ranger than hinge-moment coef- 
ficients are considered. The computations also show that 
the highest stick forces occur in the range of Cf'/c' 
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most commonly used in present-day practice J from 0.40 to 
0.60. 

Tab and Flap Deflections to Trim 

It is considered desirable to install a trimming 
tab effective enough to trim the airplane when an approach 
for landing is being made. If, for this condition, the 
angle of attack for the tail and the normal-force coeffi- 
cient required of the tail are known, the tab setting to 
trim with zero stick force may be computed from equation 
(5). For the airplane used in the example to' glide in 
equilibrium at 110 miles per hour, it is computed that 

tt a » = -1.2° 

C N i = -0.14 

Calculate the slope of the lift curve in free air by 
equation ( 11) . 

/ 3Cn\ ' /' 0.095 \ n 

( SL) = 0.852 / \ = 0.054 

V 3a/5 f ,6 t | 57.3 (0.095) 



TT 



(3.4) 



Therefore from equation (5) 



_ 0 14 f 3= + (-0.093) 1 , (-1.2) 

, _ L (0.054) (-0.67) (-0.0076) J (-0.67^ 

* (Ch f =°> " f (-0.06) _ (-0.0032) ] 
L(-0.6?) ' (-0.0076) J 

' = 11.4° ' * - ' - ' ' 

The corresponding flap deflection required to main- 
tain equilibrium may be computed from equation (.6). Thus 
for the example cited ... 



6 f « 



-1 



(C h =0) -0,6.7 L (0.054) 



(-0.14) _ ( _ 1>2) + (_ 0 .0S)(11.4)J = -3.1° 



When the tab is used as a balancing tab, the free- 
floating angle of the flap may be computed from equation 
(7). 
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For the example cited- 

6+' = + 6 t «, when 6 t 1 = 1° and E = -0.5 

* A "o . o 

Thus, when a a 1 = -1.2°, 

8ft (c hf =o) ' 

(-0.093) (0.054) (-1.2)+ [-(-0.093) (0.054)_( -0.06/ + (-0.0032)] (l) 

.(-0.093) (0.054) (-0.67)+ (-0.0076)4- (-0.5) [-(-0.093) (0.054) (-0.06)+ (-0.0032)] 
= 0.27°' '. 

The corresponding normal-force coefficient of the 
tail is determined hy equation (8). Thus for the example 
under consideration 

= 0.054 I (-1.2) -(-0. 67) (0.27) - (-0.06) [l + (-0 . 5 ) ( 0 . 27 ) ] j 
= -0.05 

The rate of change of free-floating angle with angle 
of attack may "be calculated from equation (9). 

Thus 



(-0.093) (0.054) 



-(-0.093) (0.054) (-0.67)+ (-0.0076)+ (-0.5)[-(-0. 093) (0.054) (-0.06)+(-0.0032)] 
= -0.546 

Similarly the slope of the lift curve for the tail 
with controls free is found from equation (10) . 



( 9c g> 



) ** '(0.054). J 1 - [(-0.67) + (-0.5)(-0. 06)] (-0.546) }= 0.035 

X Cu =0 ' i 
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APPLICATION OP DATA TO VERT ICAL TAILS AND AILERONS 



This entire procedure may he used equally well to 
calculate rudder size, with the obvious modification of 
substituting yawing-moment coefficients for pitching- 
moment coefficients and sidewash for downwash in calcu- 
lating the normal-force coefficient required. 

The section parameters presented in this report may 
also be used to compute aileron characteristics by means 
of the method outlined in reference 14. 



Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Pield, Va. , December 30, 1940. 
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APPENDIX A 



EQUATIONS OP THE THIN-AIHPOIL THEORY 
Identification of Parameters 



The conversion of the equations for the aerodynamic 
characteristics of a finite airfoil based on the the thin- 
airfoil theory (reference 1, 2, and 3) from the old 
British system of aerodynamic coefficients to the standard 
NACA form and the use of symbols for the parameters, or 
slopes, in these equations has led to some misunderstand- 
ing as to the identity of these parameters. The purpose 
of this analysis is. to clarify the identity of the param- 
eters and. to distinguish between the ones that are some- 
times confused because of a similarity in form. In addi- 
tion, a summary of the relations is given whereby other 
useful parameters not presented in figures 1 and 2 may 
be computed from these data. 



If 



it follows that 



= 17 411 + 3iT d6f + Bit "* 



which is identical to: 



8C N 9C N dCjf 

d °N - 17 da + 3o7 46f+ d6 t 

dC N ( So7 36 t 



6a 



<3.a + id* + d8. 
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Likewise if " " 

G m = f 2 (Cir,5 f ,S t ) 

it follows that 



and if 



Then 



" ' P^ f = fsCCjf.Sf. ,s t ) "■ 

BC h .- BC h „ ac hf 

f ac N a • as fi - 1 as t 

or, if it is considered that 

kh f ■ f 4 (a,8 f ,6 t ) 



ac h - ao hf " JC so 



dChf = s^ii da + d8f + j^l 48 

f ,3a S6 f 1 9 6 t z 

Because, according to the thin-airfoil theory, a linear 
relationship exists' among the variables . '■ Off, Ck f , Cm, 

a,'8 f , and '6 t y the total dif f erential . in the foregoing 
equations may be replaced by the variable. Because no 

change in circulation is involved, f -^-^ is iden- 

a C N' 6 t 
tical with ( } , etc. The subscripts indicate 

V38-/ 

£ Cn» 6 t 

the variables held constant when the partial differential 
is taken. The equations now become 

o,.(^t) [c^-CPX i t -(P-) 6 tl (i) 



°» ■ eta), , ^ <^x . s * + dstx 6t <2) 

n 8 f ,8 t f c n' 5 t t/c n» B f 
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o. . (2±L) o, + a f + e t (3) 



'n "8 f ,6 t 



a 



Sf ,6t 



«t 



8 f + 



(4) 



These equations are of the same form as those pre- 
sented in references 2,' 3, ; and 5. By comparison it is 
possible to define the various constants of the equations In 
these references in terms of the variables involved. In 
order to indicate from which relationships the various 
partial derivatives are determined, subscripts are added 
to the derivatives to indicate the variables held constant 
in taking the partial derivative. 

The following table of corresponding symbols has 
been prepared for future -reference. .The parameters from 
references 2 and 3 are, for obvious reasons, expressed 
in terms of the old British system of coefficients; the 
angles were measured in. radians ; the pitching moment was 
measured about the airfoil nose. 



Parameter 



ff-ACA syst.am of 
coef f ic ient s 



Reference .5 



,01d BritLsh system 
of coefficients 



Ee.fe.renc a, 2 



Reference 3 



v da /6f , 5 ^ 

a,5 t 
f c n ,6 t 



ai 



-X, 



-X. 



«3 
aT 



aj. 



•X 6 or -Xi 



or -X 3 
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Parameter 


jmaoa system ox 
coefficients 


Old British system 
of coefficients 




Reference 5 


Reference 2 


Reference 3 







1 
4 


1 
4 


c n» 8 t 





-m 


— m' s or -mi 










-m s or — mg 


V So, / 6f ,6 t 










^ 95 f K s 
£ oc» 6 t 












-u 


ax 


-Pp 


1 Gn> 5 t 


-▼n 


_ b 2 a x -b x a 3 
ai 


- D rr or -b x , x 


^ 6 t 4 n ,8 f 






-br s or - Td i , s 



Summary of Relationships 

The slopes summarized in the following equations are 
useful for design purposes and may he computed with the aid 
of the charts of figures 1 and 2. ' 
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- - (If) „ (fe) 



1 oo,6 t 



8 f.» 8 t f c n» 8 



(I 1 ) 



a, 6 f 



\ 3a /. . Vas. / 



5 f > s t 



8 t 



8 f » s t 
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a, 6t 



3c 



3c 



8f ,5t f c n ,6. 



c n » 8 t 



^ 98 1 4,6 f V 3a -4. t . Vdfit/. r _ V 35. / 



«f.«t Vd6 *^ n ,8 f ^ 9 8 t 'o at b f 



^ ; 8 f ,6 t 



( ^2l\ 

\ 3a /5 f>1 



/ ( 5c m\ / 3a \ • / 9 Q m \ 



/ 3C m \ /30 m \ / 3a \ 

\ 38 t ) , " \ 3a r \ 38 t / 



a, 8f 



8 f » 8 t 



C n ,5f " C n ,6f 
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APPENDIX B 

DEVELOPMENT" OF FORMULAS FOE TRIM, BALANCE, 
AND FREE -.CONTROL CONDITIONS 



Por an airfoil with a flap and a trimming tab, the 
formula for the tab deflection required to trim, where 
for trim C h is 0, was developed in the following man- 



ner. 



Prom the thin-airfoil theory (see appendix A) 



(1) 



r * f 5ch f ^ 



Ou + 



V 3 6* J. 



f «n»St t c n« 8 f 



Solve for 8 f in equation (l); 

/BC]j ^ / 9c N\ / da 



CN 



/OCNN, /°°N\ /da \ 

V~5a~,/6 f ,6 t <*a + ^ 5a ; 6f t6t l38 t y Cn , 6f H 



/ 5c N N /3a N 

V3a y 6ft6t V36 f y Cnf 6 t 



(la) 



Because C hf> = 0 to trim, equation (3) may be equat- 

f (0h f = 0) 



ed to 0. Solve for 6*,.. „ N and obtain 



/3ch£ 
V3c 



>f (C hf -0) 



if\ _ /3 c h f \ 1 



* °n» 6 t 



(3a) 



If Cjj- for Ch f = 0 is substituted for C N in equati 



on 
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(la), 6f will become s f(o ll -0)* Now equations (la) 

and (3a) may be equated and the resultant expression may 
be solved for 6^ to trim ' S^g^ = q) t 

■ f ( 8 ° h f > 

1 V 9o n hf ,8t 



^(0^=0) 



(0 hf =0) 



a. 



c n» 6 t 



/9a\ / Bo h 

* c n ,6 f 



n » 



( PS 



•) 



f c n ,6 t 



(5) 



In this form the tab deflection to trim may be deter- 
mined by direct substitution of the values for the parameters 
as given in the data for this report. 



The flap deflection with the tab set to trim may be 
determined from equation (la), which, when combined and 
rewritten, becomes 



6f 



<Ch f =°>' 



(ft) 



( 5c iA 



- aa + (B^)c n , 6f 6 *(0 hjf =0) 



f c n ,8 t l> 3a / 6f ,8 



(6) 



The equations for an airfoil and a flap with a balanc- 
ing tab were derived as follows: 

For a balancing tab, 8^ is f(6 f ), so that 



K8* + 8. 



8 t = 

where K is a constant for a linear 



variation of 8, 



with 6 



f • 



and 8 • 



is the ini- 



tial tab setting. Therefore equations (l) and (3) 
become 



-■(ft 



6 f » s t 



and 



--(^) 0n , 8t ^-C^) en>8f ^- t0 > 
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With controls free, Chf = 0 » and - equation (3) "becomes 



Revise equation (l) by changing Cjf to Cjf. . 

lC hf =0) 

and substitute 8.* for Sj,; use this ex- 

f (o h =0) f 

f 

pression for C N( C Q y in t3a e foregoing relation, 

and the flap angle for opntrol-f ree condition be- 
comes ■ - ' 



s 



f (Ch f =0) 

c 



f 5c *A (*B\ (**\ „ \ + J f^£\ (?5£\ (*2\ +&L\ 1 

(7) 

The equation for the normal-force coefficient with free controls is obtained "by substituting 
the free-floating flap deflection from equation (7) into equation (1) . 

Thus 



By the actual substitution of the right~hand memher of equation (7), this equation may "be 
written- as 



a J 9a > 



fit + 



i °n.°t 



Os f ,6 t ^\,« t 0a+ ^ ^.j, Oc a , 6f + ^sli.^! 



A 



t &f JJ 



(8a) 



By tiie .differentiation of equation (7) with respect to a, S tQ "being a constant, the 
, stabilizing factor becomes 
.o6f 



(£) 



Ch f =0 



CD 



!«- 
o 

*» 

<B 
O 

a 

o 



o 
o 

o 



•a 



(S) 



■ If equation (8) is differentiated with respect tp a, the slope of the normal-force coef- 
ficient curve "becomes 



(D, 



or by differentiation of equation (8a) 



^ a 4 f =o" Ua; Mt 



/ 



1 + 



(10) 



^ f±L> , f^A T /^n /SCiA fj^Y +/ a °hf > \ 1 




(10a) 
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By the uee of the slope relations summarized at the 
end of appendix A, it can easily be shown that equations 
(5), (6), (?), and (9) may he considerably simplified. 
When this simplification has been made, these equations 
read as follows : 

°»(0 hf -0) °»(0 hf .O) 



^ as f4,8 t ^ a6 f^C hf .8t ^ S6 f^cn,«t , v 
6 t . _ (5a) 

^ Ss t'c nf a ^ 8 t'C hfl a 

(Ch f s0) /SCnn /_3ox 

V S Sf/a,8 t ^ 86 f^c n ,6 t \95f^ n ,a 



/oChfN / OCh f \ 

5f(Qhf=0) . L_J (?a) 



'f a,8t °t a,8 f 



= / dCN\ 



V 95 f ; c n , 



+ K 



( 



a c 



h f \ 



( 



3C 



hf \ 



(10b) 
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Figure *.- Apporoxiaete Milan allowable flap atfleotiona 
fox Uim limi»« of airfoil oharaotexlatioa 
at wrloua angles of attack. Data for SUA 
0009 airfoil with Infinite Mpeot ratio and 
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fiacre' 5.- Required flap deflection* for tab neutral and 

defleoted 15° and aaxlaua. allowable flap deflection* 
for various. valUM of Cf'/o . a,' , 4.3 ; 
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rigme 6.' Kaatdxed etlok force for tab neutral and defleoted 
16° far lauUn* with rectangular talle for imrioua 
value* of oWo'. V , 4.8 ; «,,' , 14.0° ; 
Ot'/o' > 0.08. 
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